Human respiratory syncytial virus (RSV), a leading cause of respiratory tract infections in infants, inhibits type I interferon (IFN)-dependent signalling, as well as IFN synthesis. RSV non-structural protein NS1 plays a significant role in this inhibition; however, the mechanism(s) responsible is not fully known. The transcription factor interferon regulatory factor (IRF)-3 is essential for viralinduced IFN-b synthesis. In this study, we found that NS1 protein inhibits IRF-3-dependent gene transcription in constitutively active IRF-3 overexpressing cells, demonstrating that NS1 directly targets IRF-3. Our data also demonstrate that NS1 associates with IRF-3 and its transcriptional coactivator CBP, leading to disrupted association of IRF-3 to CBP and subsequent reduced binding of IRF-3 to the IFN-b promoter without blocking viral-induced IRF-3 phosphorylation, nuclear translocation and dimerization, thereby identifying a novel molecular mechanism by which RSV inhibits IFN-b synthesis.
Human respiratory syncytial virus (RSV), a member of the family Paramyxoviridae, is a leading cause of respiratory infection in infants and children worldwide (Hall, 2001) . Unlike other viruses of the family Paramyxoviridae, RSV is characterized by the presence of two non-structural proteins, NS1 and NS2, which have been shown to control viral replication (Collins & Murphy, 2005) and to antagonize type I interferon (IFN) synthesis, with NS1 playing a greater role in inhibiting IFN production than NS2 (Spann et al., 2004) . The mechanism(s) by which NS1 antagonizes IFN-b synthesis is not fully understood. Interferon regulatory factor (IRF)-3, a transcription factor belonging to the IRF family, plays an essential role in viral-induced IFN-b synthesis (Barnes et al., 2002; Taniguchi et al., 2001) . Recent studies have shown that RSV NS1 protein affects IRF-3 nuclear translocation (Spann et al., 2005) , possibly by decreasing cellular levels of TRAF3 and IKKe, two kinases upstream of IRF-3 activation (Swedan et al., 2009) .
The aim of our study was to identify additional mechanism(s) involved in NS1-dependent inhibition of type I IFN synthesis. To confirm the inhibitory role of NS1 in RSVinduced IFN-b synthesis, A549 cells were infected with recombinant RSV wild-type (rRSV-WT) or recombinant RSV lacking NS1 (rRSV-DNS1) at an m.o.i. of 3. Mock infection was used as a control. Both RSV A2 strainderived recombinant viruses (a gift from MedImmune, Gaithersburg, MD) have been previously characterized (Jin et al., 2000) . Viruses were grown in Vero cells and purified on a sucrose gradient. Viral titres were determined by plaque assay (Guerrero-Plata et al., 2006) . IFN-b secretion in cell supernatants was determined by ELISA (PBL). There was a significant increase in IFN-b production in cells infected with rRSV-DNS1 compared with cells infected with rRSV-WT, both at 6 and 15 h post-infection (p.i.) (Fig. 1a) , with no more difference at 24 h p.i., probably due to decreased viral replication of DNS1, as shown by a reduction in viral antigen expression at later time points of infection (Fig. 1b) .
To investigate the role of NS1 in regulating IFN-b gene expression, V5-tagged NS1 gene was cloned into the pCAGGS vector (primer information is available upon request). We then compared IRF-3-dependent gene transcription in A549 cells infected with either rRSV-WT or rRSV-DNS1 in the presence or absence of NS1 protein expression. Briefly, A549 cells were cotransfected with a reporter plasmid containing the luciferase gene linked to either the IFN-b promoter (IFN-b-Luc) or multimers of the IRF-3-binding site (PRDIII-I-Luc), and the NS1 expression plasmid or its empty vector, as described previously (Bao et al., 2008a, b; Ehrhardt et al., 2004) . The next day, cells were mock-infected or infected with rRSV-WT or rRSV-DNS1 and lysed to independently measure luciferase and b-galactosidase (internal control) activity, as described previously (Casola et al., 2001 ). There was a significantly higher induction of IFN-b and IRF-3-dependent gene transcription in cells infected with DNS1, compared with those infected with WT (Fig. 1c) . Expression of NS1 inhibited the enhanced gene transcription in response to DNS1 infection, confirming the ability of NS1 to inhibit virus-induced cellular gene expression (Fig. 1c) .
In the context of RNA virus infection, the retinoic acidinducible gene I (RIG-I)-dependent pathway plays an essential role in initiating cellular signals leading to the activation of transcription factors (Kawai & Akira, 2008) . Activated RIG-I interacts with the mitochondrial antiviral signalling (MAVS) protein, resulting in the phosphorylation of IRF-3 by IKKe and TBK-1 (Fitzgerald et al., 2003) . In response to RSV infection, IRF-3 activation is regulated by the RIG-I-dependent pathway (Liu et al., 2007) . To identify potential signalling targets of NS1, 293 cells were cotransfected with RIG-I, or its downstream signalling molecules MAVS/IKKe/TBK-1 expression plasmids, a plasmid encoding NS1 or its control vector, and the PRDIII-I-Luc. Individual expression of all molecules significantly induced IRF-3-dependent gene transcription, which was inhibited by NS1 expression (Fig. 2) . In addition, IRF-3-dependent gene transcription induced by constitutively active IRF-3 (IRF-3 5D, a gift from Dr Rongtuan Lin, McGill University, Canada), in which five phosphorylation sites are converted to phosphomimetic aspartic acid residues (Lin et al., 1998), Cells were harvested at 15 h p.i. to measure luciferase activity. Uninfected plates served as controls. For each plate, luciferase was normalized to the b-galactosidase reporter activity. Data are representative of two independent experiments and are expressed as mean±SE of normalized luciferase activity. ANOVA was used for statistical analysis. P less than 0.05 was considered significant. *P,0.05 relative to DNS1+CV. was also significantly reduced by NS1 expression (Fig. 2) , suggesting that NS1 directly targets IRF-3. On the other hand, NS1 did not have an inhibitory effect on MAVS-induced activator protein (AP)-1-dependent gene transcription, indicating that the inhibitory effect of NS1 on IRF-3 is specific ( Supplementary Fig. S1 , available in JGV Online).
Viral-induced IRF-3 nuclear translocation, dimerization and binding to DNA is regulated through phosphorylation on specific serine residues at its C terminus (Hiscott, 2007; Servant et al., 2001) . To investigate whether NS1 inhibited IRF-3 activity through blocking its phosphorylation, we compared levels of IRF-3 serine phosphorylation in total cell lysates of WT-and DNS1-infected cells. There was no significant difference in total phospho-IRF-3 levels between WT-and DNS1-infected cells (at 24 h p.i. phospho-IRF-3 levels in DNS1-infected cells are actually a little lower compared with WT) (Fig. 3a and Supplementary Fig. S2a , left panel, available in JGV Online), suggesting that NS1 does not prevent IRF-3 phosphorylation. Total IRF-3 abundance was also comparable in WT-and DNS1-infected cells (Fig. 3a, left panel) , suggesting that the NS1 protein does not facilitate IRF-3 degradation, a mechanism used by the rotavirus NS1 protein to inhibit IRF-3 activation (Barro & Patton, 2005) . Interestingly, we did not find that NS1 inhibits virus-induced IRF-3 nuclear translocation ( Fig. 3a and Supplementary Fig. S2a , right panel), which is in contrast to what has been previously reported (Ling et al., 2009; Spann et al., 2005) . Different experimental methods used by the two laboratories may account for the observed discrepancy. Enhanced IFN-b expression by NS1 deletion may result from increased IRF-3 dimerization, a key step controlling the binding of IRF-3 to DNA (Dragan et al., 2007) . However, we did not observe increased IRF-3 dimerization by NS1 deletion (Fig. 3b) . Furthermore, infection of A549 cells with either WT or DNS1 viruses or expression of NS1 protein did not cause significant changes in the expression of either TRAF3 or IKKe, two kinases involved in RIG-I-dependent activation of IRF-3 ( Fig. 3c and Supplementary Fig. S2b) , in contrast to a recent report showing that NS1 from Long strain RSV degrades TRAF3 and IKKe in an overexpression system (Swedan et al., 2009) . Therefore, we speculated that NS1 must use an alternative mechanism(s) to inhibit RSV-induced IFN-b synthesis. As NS1 expression occurs in both cytoplasm and nuclear compartments following RSV infection (Munday et al., ; and data not shown), we hypothesized that NS1 inhibits IRF-3-dependent gene transcription by preventing IRF-3 binding to its cognate promoter site. Therefore, we compared IRF-3 binding to the endogenous IFN-b promoter in WT-and DNS1-infected cells using a chromatin immunoprecipitation (ChIP) assay. A549 cells, mock-infected or infected with WT or DNS1, were cross-linked with 1 % formaldehyde (10 min at room temperature), followed by ChIP assays using a ChIP-IT Express kit (Active Motif). Briefly, chromatin was sheared to an average size of 300 bp with a Vibra Cell (Sonics&Materials Inc.), incubated with 2 mg anti-IRF-3 antibody (Santa Cruz Biotechnology) and 25 ml protein G magnetic beads overnight at 4 u C. After reversal of crosslinking, protein digestion with proteinase K and DNA purification, PCR was performed using RedTag Readymix PCR Reaction Mix (Sigma-Aldrich; reaction conditions are available upon request). The sense and antisense primers for the putative interferon-stimulated reponse element (ISRE) sites present within the IFN-b promoter were referenced from Wagoner et al. (2007) , with forward: 59-CCTC-ACAGTTTGTAAATCTTTTTCCC-39, and reverse: 59-ACG-AACAGTGTCGCCTACTACCTG-39. The results showed that RSV infection induced significant binding of IRF-3 to the IFN-b promoter ISRE site, compared with mock infection. This IRF-3-DNA interaction was further increased by NS1 deletion at 3, 6 and 15 h p.i. (Fig. 3d and Supplementary Fig. S2c ), suggesting that NS1 expression impairs IRF-3 DNA-binding activity. At 24 h p.i., less IRF-3-DNA interaction was observed in DNS1-infected cells than in WT-infected cells, which may result from restricted replication of DNS1 at later time point of infection.
In addition to NS1, the RSV NS2 protein also exhibits IFN antagonist activity (Spann et al., 2004; Teng & Collins, 1999) . The mechanism by which NS2 accomplishes its inhibitory effect is via targeting RIG-I. NS1 does not bind to RIG-I (Ling et al., 2009 and data not shown), suggesting that the two NS proteins use different mechanisms to inhibit IFN production. Indeed, we found that NS1 binds to IRF-3 to exert its inhibitory function on IFN-b synthesis (Fig. 3e) . A549 cells were mock-infected or infected with WT or DNS1. Total cell lysate was immunoprecipitated by anti-IRF-3 antibody, followed by Western blot using anti-NS1 antiserum (a gift from MedImmune). An isotype antibody was used to control for non-specific binding. NS1 was coimmunoprecipitated by anti-IRF-3 antibody, but not by isotype antibody in WT-infected samples, suggesting an interaction of IRF-3 with NS1 in the context of RSV infection.
There are several possible mechanisms responsible for the attenuated interaction between IRF-3 and IFN-b promoter. NS1 may function as Kaposi's sarcoma herpevirus's protein K-bZIP (Lefort et al., 2007) , which prevents the attachment of activated IRF-3 to the IFN-b promoter by competitively binding to the same region. CBP/p300, a co-transcriptional activator of IRF-3, is essential for DNA-binding activity of Fig. 3 . NS1 protein prevents IRF-3 binding to IFN-b promoter. (a) NS1 does not affect RSV-induced IRF-3 phosphorylation and nuclear translocation. A549 cells were mock-infected (as a control, CN) or infected with rRSV-WT or rRSV-DNS1, at an m.o.i. of 3, for various lengths of time and harvested to prepare either total cell lysates or nuclear extracts as described previously (Bao et al., 2008b) . Equal amounts of protein from uninfected and infected cells were analysed by Western blot using antibodies against Ser396 phospho-IRF-3 (pIRF-3) and regular IRF-3. Membranes were stripped and reprobed for b-actin or lamin b, as control for equal loading of the samples of total cell lysate or nuclear fraction, respectively. , and harvested at 6 h p.i. to prepare total cell lysates. Samples were subjected to immunoprecipitation using anti-IRF-3 antibody or control isotype. The immunoprecipitated complexes were then subjected to 4-20 % SDS-PAGE followed by Western blot using anti-NS1 antibody. The membrane was then stripped and reprobed with anti-IRF-3 antibody to determine levels of immunoprecipitated IRF-3, using clean-blot IP detection reagent (HRP) from Thermo Scientific (upper panel). NS1 and IRF-3 from total cell lysates were also measured by Western blot to ensure equal IP input (lower panel). (f) NS1 disrupts the association of IRF-3 with CBP. 293 cells were transfected with plasmids encoding Flag-tagged IRF-3 and V5-tagged NS1 or their control vectors. Total cell lysates were immunoprecipitated with anti-V5 antibody followed by Western blot using anti-Flag antibody to detect Flag-tagged IRF-3. Reverse immunoprecipitation was also done, where Flag-tagged-IRF-3 was immunoprecipitated using anti-Flag antibody, and NS1 protein was then detected using anti-V5 antibody. Membranes were stripped and reprobed to check for properly immunoprecipitated NS1 or IRF-3. The association of endogenous CBP with immunoprecipitated NS1 or IRF-3 was determined by reprobing the membrane with anti-CBP antibodies (Santa Cruz). Representative results are shown from two to four separate experiments.
Regulation of IFN-b expression by RSV NS1 protein IRF-3 in the context of viral infection (Suhara et al., 2002) . Therefore, attenuated binding of IRF-3 to its DNA motif may result from disrupted interaction between IRF-3 with CBP by NS1, similar to what has been reported for human herpes virus (HHV) kinase (Hwang et al., 2009) and HHV-8-encoded vIRF-1 . Indeed, we found that NS1 binds to both IRF-3 and CBP (Fig. 3f) . 293 cells were cotransfected with V5-tagged NS1 and Flagtagged IRF-3 expression plasmids. Vectors expressing V5 or Flag only were used as negative controls. After 30 h of transfection, cells were lysed followed by immunoprecipitation using anti-V5 antibody (Invitrogen). The immunoprecipitated complex was separated on 4-20 % SDS-PAGE and transferred onto a PVDF membrane. Western blot using anti-Flag antibody (Sigma) revealed that Flag-tagged IRF-3 was pulled down by NS1 (Fig. 3f, upper panel) . Clean-blot immunoprecipitation (IP) detection reagent (Thermo Fisher Scientific), which does not bind to denatured IgG, was used to detect IRF-3, as they have a similar molecular mass. NS1 binding to IRF-3 was specific, as NS1 did not bind to overexpressed RIG-I (data not shown), consistent with previous findings (Ling et al., 2009 ). Overexpressed NS1 was also able to pull down the endogenous CBP, and the NS1-CBP interaction was attenuated when IRF-3 was overexpressed. Reverse immunoprecipitation confirmed that there was an interaction between NS1 and IRF-3, as well as IRF-3 and CBP, which was again attenuated by NS1 overexpression (Fig. 3f, lower  panel) . Together these results suggest that NS1 affects the interaction between IRF-3 and its coactivator CBP, leading to reduced IRF-3 binding to the IFN-b promoter, identifying a novel mechanism underlying the NS1 inhibitory activity on RSV-induced IFN-b synthesis.
